conditions. DTW and MAP were then combined into models (aspen R 2 = 0.72, spruce R 2 = 0.44) 26 that could be used to delineate drought prone areas during periods of low MAP. Tree height and 27 diameter were also related with DTW suggesting a functional relationship between an index 28 capturing soil properties and tree size. Our results demonstrate the potential to use the DTW 29 index as a measure of site conditions and to predict stand level responses. 30
Keywords: depth to water, topographic index, carbon isotope ratio, water stress, soil properties. The depth-to-water (DTW) index integrates the horizontal and vertical distance from a 71 given point in the landscape to the nearest flow channel. The latter is defined by the choice of a 72 flow initiation area (Murphy et al. 2007 ). The DTW index was found to be superior to TWI in 73 mapping of wet areas in the boreal forest since TWI is strongly dependent on the upslope area, 74 D r a f t 5 while local downslope topography is a major determinant of soil moisture conditions (Murphy et 75 al. 2009 ). Changing the flow initiation area affects the extent of the flow channel network, 76 adapting the DTW index to various landscape configurations and geologies, and temporal 77 changes in soil moisture (e.g., wet or dry years). DTW calculated at a large flow initiation area 78 (i.e., >8 ha) performed better on terrain with strong topography and high hydraulic conductivity 79 while a smaller threshold area (i.e., 1 ha) was suggested for an area with low topography and 80 poor drainage (Ågren et al. 2014 ). Field observations in the boreal forest of Alberta indicated 81 that flow channels delineated at a flow initiation area of 4 ha correspond to streams with 82 permanent or intermittent flow representing soil conditions late in the season (White et al. 2012) . 83
Further, a companion study showed that DTW is related to the depth to mottles in the soil and to 84 drainage regime, which allowed us to develop a model of soil moisture based on DTW and other 85 topographic indices (Oltean et al. 2016) . Further testing of the DTW index is needed to evaluate 86 its capabilities and limitations in areas with contrasting topography. 87
Depth-to-water rasters are available for extensive areas in Alberta and New Brunswick 88 where DTW was shown to perform better than TWI (Murphy et al. 2009; Murphy et al. 2011) . 89
Thus, a deeper understanding of the ecological significance of DTW values, as well as its 90 potential applications and limitations to the use of this index are needed. The objectives of the 91 present study were (1) to evaluate the relationship between DTW and δ ଵଷ C , (2) to explore a 92 gradient of flow initiation area thresholds in contrasting terrains, and (3) to assess the association 93 between DTW and tree size (i.e., height and diameter). We expected that DTW would be related 94 with δ ଵଷ C and tree size but will present a threshold after which its influence diminishes, and that 95 optimal flow initiation area would depend on terrain morphology. 96 D r a f t
Materials and methods 97

Study sites 98
We selected a trembling aspen (Populus tremuloides Michx.) stand located 30 km south 99 of Grande Prairie in the Boreal Mixedwoods ecoregion of Alberta, and a white spruce (Picea 100 glauca (Moench) Voss) stand situated 16 km west of Whitecourt on the eastern side of the 101 Foothills ecoregion (Fig. 1) . The aspen site occurred on fine-textured deposits of glacial origin 102 forming a typical flat terrain (i.e., slope of 2.5%), whereas coarser material carried from the 103 Canadian Rockies and deposited in the Foothills area (MacCormack et al. 2015) formed steeper 104 slopes (i.e., 10.9%) at the spruce site. Consequently, these two sites provided suitable conditions 105 to evaluate the DTW index in terrains with contrasting geology and topography. The climate at 106 these two locations is dominated by long cold winters and warm summers, with Grande Prairie 107 having a lower mean annual temperature (i.e., 2.2 °C) and receiving less annual precipitation 108 (i.e., 445.1 mm) than the site near Whitecourt (i.e., 2.9°C and 544.4 mm; Table 1 ). These 109 differences in topography and climate between the two areas can change water availability in the 110 soil, thus affecting the carbon isotope ratio of trees growing on these sites. Both stands were 23 111 years old at the time of sampling; the aspen stand had regenerated from root suckers after harvest 112 in the winter of 1990 -91, but it was sampled early in the spring of 2014 before bud break, 113 whereas the spruce stand had been planted in May 1993 with 1 year old stock and was sampled 114 in late-summer of 2014. 115
Sample collection and preparation 116
We used existing DEM and DTW rasters for the two sites to select locations that covered 117 a wide range of topographic conditions and DTW values (Fig. 1) . We navigated to each point 118 D r a f t 7 and then selected a dominant tree, for which we measured the diameter at breast height (dbh), 119 total height, height to live crown, crown radii on the northern and western directions, and made 120 notes about the conditions in which the trees were growing (e.g., edge tree, open grown). A total 121 of 42 trembling aspen and 43 white spruce trees were selected and their locations recorded with a 122
Trimble GeoExplorer 6000 series GeoXT handheld device (Trimble, Los Altos, California) with 123 GNSS capabilities ensuring sub-meter accuracy for 78% of the aspen and 87% of the spruce tree 124 positions. The crown measurements were used to calculate the volume, projected and surface 125 area of the crowns, which were assumed to be paraboloids for the aspen and conical for the 126 spruce trees. 127
From each tree we collected two cores from the north and south facing side of the stem as 128 The Depth-to-Water index 145
The depth-to-water index is defined as the cumulative slope along the least cost path from 146 any cell in the landscape to the nearest flow channel (Murphy et al. 2007 ). The measurement unit 147 for DTW is meters and is calculated as 148 
Results
215
Annual precipitation and 216
Carbon isotope ratio was negatively related to mean annual precipitation for both aspen 217 and spruce (Fig. 3) . The linear mixed-effects model fit for each species had the form 218 The depth-to-water index and 229
The conditional modes (b i ) of the random effects for the intercept in Eq. 2 were related to 230 DTW (Fig. 4) The strongest predictor from Table 2 (boldfaced values) was incorporated into Eq. 2 to 241 obtain a model that combines climate and topography to explain variation in δ ଵଷ C, for each 242 species (Fig. 5) . The two models thus obtained can be expressed as 243 Table 3 ). However, δ ଵଷ C was lower for aspen than spruce at average and high levels of 249 precipitation since the slope of MAP was more negative for aspen than spruce (β 4 in Table 3 ). 250
The relationship between δ ଵଷ C and DTW was steeper for aspen, while a gradual change in δ ଵଷ C 251 with DTW was observed in the case of spruce (β 3 in Table 3 ). The plateau was reached at DTW 252 around 0.4 m for aspen and 7 -8 m for spruce, but these values cannot be directly compared 253 since different flow initiation areas were used to calculate DTW for each species (Fig. 5) . Since 254 these two models were fit using the method of maximum likelihood, we calculated a generalized 255 coefficient of determination (R ഥ systematic bias, while the Shapiro-Wilk test indicated that the normality assumption was met for 259 both models (Fig. 5) . 260
Tree size and the depth-to-water index 261
Tree height was more strongly related with DTW than diameter at breast height for both 262 aspen and spruce (Eq. 1, Table 2 ). Height and diameter of spruce showed stronger relationships 263 with DTW (i.e., R 2 of 0.56 and 0.41, respectively) than was the case for aspen (i.e., R 2 of 0.27 264 and 0.16, respectively). Similarly to δ ଵଷ C, flow initiation areas of 1 ha for aspen and 16 ha for 265 spruce provided the strongest relationship for height of both species (Table 2) . Although 266 diameter of aspen was more strongly related with DTW calculated at 2 ha (Table 2) (Fig. 6) . Diameter of aspen trees was smaller than that of the spruce trees, and quickly 272 increased with DTW from 8.1 cm to 9.9 cm at DTW > 0.4 m. In the case of spruce, diameter 273 increased more gradually from 8.9 cm at low DTW to 16.6 cm at DTW > 25 m. Tree height was 274 estimated more tightly with standard error of about 1 m, whereas diameter estimates had a 275 standard error of up to 2.5 cm in the case of spruce. Flow accumulation was not associated with 276 height or diameter of either species, whereas slope was positively related with height of the 277 spruce trees with a slope of 0.05 (P = 0.0196). 278
Discussion 279
Topography and precipitation 280
The model described by Eq. 3 incorporates both a topographic index and a climate 281 variable to explain variation in carbon isotope ratio of trembling aspen and white spruce. (Fig. 4 ). An effect of topography on δ ଵଷ C was also found by Garten and Taylor (1992) , 287 who reported that foliar δ ଵଷ C was higher for deciduous trees growing on drier areas (i.e., ridges 288 and slopes) than for those from wetter conditions (i.e., riparian). Similarly, more positive δ The negative relationship between δ ଵଷ C and mean annual precipitation suggests that trees 319 experienced less stress during periods of higher precipitation (Fig. 3) . A strong influence of 320 precipitation as well as air temperature on the seasonal pattern of δ ଵଷ C was found in semi-arid 321 ecosystems with an aspen component in Utah (Buchmann et al. 1997) . A similar effect of water 322 availability was found for 50 tree species growing along a rainfall gradient in northern Australia 323 (Schulze et al. 1998 ). Our analysis used time periods corresponding to wet-dry episodes and does 324 not allow us to explore the seasonality of the isotopic signal and the climate factors controlling 325 stomatal conductance. The DTW topographic index could be used to delineate the most and least 326 drought prone areas during years with low amounts of precipitation, and could also help explain 327 the spatial variability in drought related mortality in the boreal forest (Hogg et al. 2008) . 328
Optimal flow initiation area 329
Flow initiation area controls the extent of the flow channel network used to calculate the 330 DTW raster. Using a small flow initiation area extends flow channels farther into the headwaters 331 of the watershed creating an extensive network of flow channels, which results in generally 332
lower DTW values. On the other hand, only major channels are identified when large flow 333 initiation areas are used. Our results show that selection of optimal flow initiation area depends 334 on topography of the study area. The relatively flat (i.e., slope of 2.5%) topography of the 335
Grande Prairie site was better captured with a smaller flow initiation area (i.e., 1 ha), whereas the 336 D r a f t Whitecourt site with a more pronounced topography (i.e., 10.9% slope) was more strongly 337 represented by larger flow initiation areas (i.e., 12 or 16 ha). These findings are consistent with a 338 study from Sweden that also emphasized the importance of substrate permeability, since it 339 controls drainage rate of water (Ågren et al. 2014) . 340
Tree size and topography 341
Tree height varied more widely at the spruce site since the northern part of that area (i.e., 342
shown in dark blue in Fig. 1 ) was covered by a bog where trees were shorter. Tree height was 343 more strongly related to DTW than diameter since diameter increment is affected by stand 344 structure to a greater extent than elongation of the terminal shoot (Oliver and Larson 1996) . The 345 stronger relationship between height and DTW in spruce might be explained by the stronger 346 topographic gradients at the Whitecourt site, exerting a greater influence on soil attributes. The 347 relationship between tree size and DTW followed a similar pattern to that found for δ Location of the two study sites in the Boreal Mixedwoods and Foothills ecoregions of Alberta, Canada, from where trembling aspen and white spruce trees were selected (points). The hillshade images (lower panels) show the contrasting topography between the two sites, which controls the flow channel delineation and depth-to-water (DTW) raster calculation (upper panels). Note that DTW was calculated at a flow initiation area of 1 ha for the aspen site and 16 ha for the spruce site.
D r a f t
Annual precipitation and 30-year (1981-2010) normals (flat line) at the Grande Prairie (aspen) and Whitecourt (spruce) study sites from 1995 to 2013. The selected periods for carbon isotope analysis are shaded in the darker brown color if precipitation was less than normal (i.e., dry) and lighter blue if it exceeded normal values (i.e., wet).
Carbon isotope ratio in woody tissue of trembling aspen and white spruce decreased with mean annual precipitation. The darker green shading shows the 95% confidence band for the linear mixed-effects model in Eq. 2 while the lighter gray shows the 95% confidence envelope including the intercept variance (σ_b^2).
Note the greater variation between trees compared to the residual error.
Fitted asymptotic (Eq. 1) regression between the conditional modes (bi) of the random effects in Eq. 2, representing the inter-tree variation in carbon isotope ratio, and depth-to-water calculated at a flow initiation area of 1 ha for trembling aspen and 16 ha for white spruce.
Carbon isotope ratio (δ^13 C) in wood tissue of trembling aspen and white spruce modeled as a function of depth-to-water (DTW) and mean annual precipitation (Eq. 3). DTW was calculated at a flow initiation area of 1 ha for aspen and 16 ha for spruce. The residual plots (bottom) and the Shapiro-Wilk test confirm the good fit of the model. Note that the points on the model surface are the fitted values.
Fitted nonlinear regression (Eq. 1) and 95% confidence envelope for tree height and diameter at breast height of trembling aspen and white spruce modeled as a function of depth-to-water, calculated at a flow initiation area of 1 ha for aspen and 16 ha for spruce. Note that the scale of the y-axis is not the same across panels.
